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Abstract

Protein GPI anchorage to the cell surface is important for various biological processes, but GPI-
anchored proteins are difficult to study. This paper developed an effective strategy for metabolic
engineering of cell surface GPIs and GPl-anchored proteins by using inositol derivatives carrying
an azido group. The azide-labeled GPIs and GPI-anchored proteins on live cells were then tagged
with biotin via click reaction and with a fluorescent molecule. The strategy can be used to label
GPl-anchored proteins with various tags for biological studies.
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Glycosylphosphatidylinositol (GPI) attachment to the protein C-terminus is one of the most
common posttranslational protein modifications in eukaryotic species, which helps anchor
proteins onto the cell membrane.[X] Many GPIs and GPI-anchored proteins have been
identified[2] and shown to play a critical role in various biological processes,®l thus GPI-
anchored proteins need GPI anchor to function properly[22 4l and losing GPI anchoring
ability is lethal for mammals and conditionally lethal for yeasts.[3] Moreover, elevation in
GPl-anchored proteins was observed on human cancer cells, indicating their potential as
biomarkers for cancer detection and therapy.[31]

No matter of their origin, all GPl-anchored proteins share a conserved construct, having the
protein C-termini linked to the phosphoethanolamine [(P)-EtNH,] moiety at the mannose-111
6-O-position of the GPI core (Figure 1).[1] This suggests a conserved biosynthetic pathway
for GPIs and GPI-anchored proteins in eukaryotic cells. GPIs and GPI-anchored proteins are
biosynthesized in the endoplasmic reticulum via a series of membrane-bound enzymatic
transformations involving >20 gene products.[?2 3a. 5] First, intact GPI anchors are
synthesized, which were then attached to target proteins bearing a GPI attachment signal at
the C-termini by GPI transamidase.[5¢ 6] After lipid remodeling and other subtle
modifications, GPI-linked proteins are transported and anchored to the cell membrane
(Figure 1).[22]

Natural GPls are structurally diverse. Moreover, GPl-anchored proteins are amphiphilic and
associated with the cell membrane, making their isolation from nature difficult. Most
importantly, GPl-anchored proteins are present in low quantity on cells. Therefore,
biological studies of GPl-anchored proteins at the molecular level and on live cells are
difficult. Attempts to deal with this issue included chemical and chemoenzymatic syntheses
of GPI-anchored proteins,[”] which have resulted in only unnatural products yet and are not
applicable to live cells. Attempts to study GPI-anchored proteins via engineering GPIs on
live cells have gained limited success.[“]

This work aimed at developing a practical method for GPI-anchored protein labeling on live
cells to facilitate their identification, purification, and biological study. We planned to
introduce a molecular handle to the GPI common core via cell metabolic engineering,
namely, giving cells a modified GPI precursor for biosynthetic incorporation (Figure 1). The
precursor must be accepted by involved enzymes and the handle should be flexible to allow
for further elaboration. In this regard, we were interested in modified inositol, due to its
unique presence in GPIs, with the azido group as a molecular handle, as it is small and can
be easily elaborated through chemoselective and bio-orthogonal click reaction.[8] Although a
similar strategy has been used for glycobiological studies based on cell surface sialic acid,
fucose, and N-acetylgalactosamine engineering,[®! it has not been applied to GPI and GPI-
anchored protein engineering yet.

To find a proper precursor for cell surface GPI engineering, we prepared inositol derivatives
1-3 (Figure 2 and Supporting Information) that had an azidoethyl group linked to the inositol
3-, 4-, and 5-O-positions, respectively. We were interested in 1-3, not those with
modifications at the 1-, 6— and 2-O-positions, as these positions are either linked to a
phospholipid and glycan in GPlIs or required in GPI biosynthesis. Moreover, instead of
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directly replacing the hydroxy! groups with azides, an azidoethyl group was introduced to
improve the molecular space and flexibility, which might help click reaction later on.
Saccharomyces cerevisiae, a fast-growing yeast that expresses abundant GPI-anchored
proteins, was used to examine the efficiency of 1-3 incorporation in GPIl-anchored proteins.
Our experimental protocols were to incubate yeast cell with 1-3 and then subject the cell to
click reaction with alkynylated biotin 4. Several bio-orthogonal click reactions are available,
but we chose the Cu (I)-catalyzed azide-alkyne cycloaddition since it is convenient and
fast.[10] Finally, the treated cell was stained with the streptavidin-allophycocyanin (APC)
conjugate and used to analyze 1-3 incorporation in GPIs and GPl-anchored proteins.

Flow cytometry results of the stained cells shown in Figure 3a and Figure S1 (Supporting
Information) revealed that the mean fluorescent intensities (MFI) of cells treated with 1-3 (3
mM) were similar to that of the control, suggesting that 1-3 were not incorporated by yeast
cell. Among various potential reasons to cause problem, it was possible that 1-3 could not
effectively penetrate the cell membrane due to high polarity. Inspired by the finding that
acylation of free sugars could improve their efficacy to engineer cell,[!1] we prepared and
studied acetylated inositol derivatives 5-7 (Figure 2). As shown in Figure 3b, yeast cell was
effectively labeled upon treatment with 5-7 (3 mM). The MFI of cells treated with 5 was
>1000 folds higher than that of the control (Figure S1), confirming that 5 could be used by
yeast cell to label GPIs and GPI-anchored proteins.

Acetylated 5-7 were clearly more efficient than free 1-3 for yeast cell GPI engineering. As
suggested in the literature,[11] lipophilic 5-7 may be more effectively taken up by cells via
passive diffusion. Inside the cell, the acetyl groups could be removed by esterases(!!] to give
free inositol derivatives that were incorporated in GPIs. Moreover, the enzymes involved in
GPI biosynthesis must be able to tolerate modified inositols, especially 3/4-O-modified
ones. It is also noteworthy that partially acetylated 5 was more efficient for GPI engineering
than fully acetylated 6, maybe because 5 had more proper hydrophilic/hydrophobic balance
to favor its entry into cell.

This strategy was also tested using a human lung cancer cell A549 to probe the application
scope. After treatment with 5-7 (200 pM), the cell was subjected to click reaction with 4,
staining with streptavidin-APC, and flow cytometry. As shown in Figures 3c and S2, cells
treated with 5-7 were effectively labeled with fluorescent tags, proving the incorporation of
5-7. The MFlIs of cells treated with 5 and 6 or 7 were ca. 30 and 16 folds higher than that of
the control. Again, partially acetylated 5 was better than peracetylated 6. Flow distribution
analysis revealed that >98% of 5-treated cells were stained with APC (Figure S3),
suggesting extensive cell metabolic engineering. The stained cells were also analyzed by
imaging flow cytometry and confocal microscopy. As depicted in Figures 3d and 3e, bright
red fluorescence was concentrated on the cell surface. In addition, strong fluorescence on the
cell surface also indicated the abundant labeling of GPIs and GPI-anchored proteins and the
high efficiency of GPI metabolic engineering.

To further verify the incorporation of 5 in GPIs, we did a competitive inhibition analysis, in
which A549 cell was treated with 5 and peracetylated inositol 8. After staining, the cell
showed decreased MFI with increased concentration of 8 (Figures 3f and S4). Clearly, 8

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2016 August 10.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Luetal.

Page 4

inhibited cell incorporation of 5 and GPI engineering, thus 5 and 8 were involved in the
same biosynthetic pathway. The impact of precursor concentration and incubation time on
the engineering of GPIs and GPI-anchored proteins was also studied (Figures 3g and S5).
Ab549 cell treated with 200 pM of 5 had significantly stronger fluorescence than the cell
treated with 100 uM of 5, confirming that the intensity of cell labeling depended on the
concentration of 5. In addition, cells incubated with 100 and 200 uM of 5 had increased
MFIs after elongated incubation, and the cell treated with 200 uM of 5 had the highest MFI
after 2 days of incubation. However, at 200 pM, 5 inhibited cell growth by 30%, while it did
not show obvious inhibition on cell growth at 100 uM.

Phosphatidylinositol-specific phospholipase C (PI-PLC) can be used to detach GPI-anchored
proteins from the cell membrane,[3" which was proved by the detection of a GPI-anchored
cancer marker, placental alkaline phosphatase, in the supernatant of PI-PLC-treated A549
cell (Figure S6). To verify that GPI-anchored proteins on engineered cell were labeled with
azides, after treatment with 5, A549 cell was incubated with PI-PLC, and the released GPI-
anchored proteins in the cell supernatant were subjected to click reaction with 4 and then
probed with streptavidin-peroxidase for Western blot. As shown in Figure 3h, the cell
treated with both 5 and PI-PLC gave a series of protein bands that were absent or very faint
when 5 or PI-PLC was missing. This result confirmed the expression of azide-labeled GPI-
anchored proteins on 5-treated A549 cell. We are currently pursuing further verification and
characterization of these proteins.

Above studies using different cells indicated that the new strategy for GPI and GPI-anchored
protein engineering may be widely useful. To verify this, four other human cancer cell lines,
MCF-7, Hela, K562, and SKM28, were treated with 5, click reaction and fluorescent
staining, and then analyzed. Flow cytometry showed that all four cell lines were labeled with
the fluorescent tag, and imaging cytometry showed that the fluorescence was focused on the
cell surface (Figure S7-S10). These results ultimately proved the efficiency, flexibility, and
broad applicability of 5 for GPI and GPI-anchored protein engineering. It is also noteworthy
that, except for MCF-7, 5 did not show a significant impact on cell growth at concentrations
up to 100 pM.

In summary, we have developed a facile and effective method for cell surface GPI and GPI-
anchored protein labeling, which was realized by giving cell an azide-modified inositol
derivative and allowing cell to incorporate it in GPIs. The azide-labeled GPIs and GPI-
anchored proteins on the cell surface were then elaborated by bio-orthogonal click reaction
to enable their visualization and potentially the study of GPI and GPI-anchored protein
trafficking and organization on cells by quantitative fluorescence microscopy,[2l and so on.
The new GPI labeling strategy was effective and applicable to different cells. Moreover, we
envision that this technique can be used for GPI-anchored protein capture, GPI-anchored
proteomics analysis, and discovery of new GPI-anchored protein markers. It can also be
used for targeted drug delivery and for the diagnosis and therapy of diseases via monitoring
cell surface GPI-anchored proteins. Therefore, this technique can be a powerful tool to have
a significant impact on GPI biology.
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Figure 1.
The designed strategy for GPl-anchored protein labeling on the cell surface through

metabolic engineering of the GPI core structure. Cells are incubated with an inositol
derivative bearing a chemically reactive, bio-orthogonal functionality such as the azido
group. The unnatural inositol is taken up by cells and incorporated into GPIs and GPI-
anchored proteins. The modified GPI-anchored proteins on the cell surface can be
subsequently elaborated by a specific, bio-orthogonal reaction for attachment of various
molecules, such as fluorescent tags to make cell surface GPl-anchored proteins visible,
affinity tags to facilitate GPI-linked protein isolation, and so on.
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Structures of the synthesized inositol derivatives 1-3 and 5-7 used for metabolic engineering
of GPIs and GPI-anchored proteins on cells and the biotin derivative 4 used to tag modified

GPIs on cells via click reaction.
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Figure 3.
Detection of GPIs and GPI-anchored proteins on cells treated with or without modified

inositol derivatives after click reaction with 4 and staining with streptavidin-APC (for cell
analysis) or streptavidin-peroxidase (for protein detection). Flow cytometry results of yeast
cells incubated with (a) 1-3 (3 mM) and (b) 5-7 (3 mM); and (c) of A549 cells treated with
5-7 (200 pM). (d) Imaging cytometry results of 5-treated A549 cell suspended in PBS
buffer. BF: bright field image; DAPI: the nuclear stain. The upper and lower images are
untreated and treated cells, respectively (white scale bar: 7 um). (e) Confocal microscopy
images of 5-treated A549 cell cultured in the dish (white scale bar: 10 pm). (f) Flow
cytometry results of A549 cell incubated with 5 (100 puM) in the presence of 0 (solid line),
100 (dashed line), and 200 uM (dotted line) of 8. The filled histogram shows the result of
cell not treated with 5 and 8. (g) Influences of the concentration of 5 and incubation time on
metabolic engineering of GPIs and GPl-anchored proteins on A549 cell. The concentrations
of 5were 0 (samples 1 & 4, negative controls), 100 (samples 2 & 5), and 200 uM (samples 3
& 6). The cell was incubated for 1 day (samples 1-3) or 2 days (samples 4-6). Blue and red
rhombuses show cell labeling and growth, respectively. (h) Western blot of GPI-anchored
proteins expressed on 5-treated A549 cell. The supernatants of cells treated with PI-PLC
only (left), with 5and PI-PLC (middle), and with 5 only (right) were subjected to click
reaction with 4 and then probed with streptavidin-peroxidase (HRP). Bottom: Coomassie
staining to show the protein loading in each lane.
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